Vesicular stomatitis virus (VSV) is a rhabdovirus that alters host nuclear and cytoplasmic function upon infection. We have investigated the effect of VSV infection on cellular signaling through the phosphatidylinositol-3 kinase (PI3k)/Akt signaling pathway. Akt phosphorylation at both threonine 308 (Thr308) and serine 473 (Ser473) was inhibited in cells infected with VSV. This inhibition was rapid (beginning within the first 2 to 3 h postinfection) and correlated with the dephosphorylation of downstream effectors of Akt, such as glycogen synthase kinase 3␤ (GSK3␤) and mammalian target of rapamycin (mTOR). The dephosphorylation of Akt occurred in the presence of growth factor stimulation and was not overcome through constitutive membrane targeting of Akt or high levels of phosphatidylinositol-3,4,5-triphosphate (PIP3) accumulation in the membrane. Akt dephosphorylation was not a result of alterations in PDK1 phosphorylation or activity, changes in phosphatase and tensin homologue deleted on chromosome 10 (PTEN) levels, or the downregulation of PI3k signaling. Inactivation of Akt was caused by the expression of the viral M protein in the absence of other viral components, and an M protein mutant that does not inhibit RNA polymerase II (Pol II) transcription and nuclear/cytoplasmic transport was also defective in inhibiting Akt phosphorylation. These data illustrate that VSV utilizes a novel mechanism to alter this central player in cell signaling and oncogenesis. It also suggests an inside-out model of signal transduction where VSV interruption of nuclear events has a rapid and significant effect on membrane signaling events.
Viral infection results in the activation of a wide variety of host intracellular signaling pathways that are, in part, required to mount a host antiviral response to infection (23, 43, 52) . These responses include the suppression of signals for growth, the induction of proapoptotic signals, and the release of specific inflammatory cytokines. Many of the host responses are part of the innate immune response designed to aid clearance of the viral pathogen. Thus, if a successful viral replication is to occur, the virus must counter these stress signals or evolve to be insensitive to them.
Many viruses are known to alter signal transduction to benefit viral replication in various ways (23, 25, 52) . One such signaling pathway known to be affected is the phosphatidylinositol-3-kinase (PI3k)/Akt kinase-signaling cascade. Normally, signaling through this pathway is initiated by the stimulation of a receptor tyrosine kinase (RTK) with a hormone or a growth factor, such as insulin or epidermal growth factor (EGF), at the cell surface. Activation of the RTK recruits and activates the PI3k, which converts phosphatidylinositol-4,5-biphosphate (PIP2) to the phosphatidylinositol-3,4,5-triphosphate (PIP3) form. PIP3 recruits Akt from the cytosol to the plasma membrane, where it binds to PIP3 via its pleckstrin homology domain.
PIP3 also serves as a nucleation site for the colocalization of Akt with its activating kinase, phosphoinositide-dependent protein kinase 1 (PDK1), which phosphorylates Akt at threonine 308 (Thr308). This activating phosphorylation leads to a second phosphorylation event by the mammalian target of rapamycin C2 (mTORC2) on Akt at serine 473 (Ser473), which potentiates kinase activity (4, 17, 29, 61) . Once activated, Akt can phosphorylate and inhibit proapoptotic factors such as Bad (51) and promote cellular translation through glycogen synthase kinase 3 (GSK3) phosphorylation and activation of mTORC1, which inactivates the translation suppressor 4E-BP1 (64) . In addition to having these functions, Akt can also act to stimulate the immune response (33) .
The PI3k/Akt pathway has long been recognized as an important signaling pathway activated by virus infection. There are many examples of both DNA (Epstein-Barr virus [EBV] , herpes simplex virus type 1 , and simian virus 40 [SV40]) and RNA (influenza A virus, hepatitis C virus [HCV] , Ebola virus, and respiratory syncytial virus [RSV] ) viruses that induce or activate PI3k/Akt signaling during infection (reviewed in references 16, 23, and 25) . These viruses appear to benefit from the antiapoptotic properties of this pathway (23) .
For other viruses, the role of the PI3k/Akt pathway in virus replication is less clear. Vesicular stomatitis virus (VSV), the prototype negative-strand RNA virus, is an excellent example of this. It has been described previously that mammalian target of rapamycin (mTOR) (2), 4E-BP1 (21) , and rpS6 (42) , which are all downstream substrates and effectors of the PI3k/Akt pathway, are dephosphorylated during VSV replication. These data suggest that VSV can block some aspect of this signaling pathway. In contrast, it has been suggested that the kinase activity of PI3k is important for viral entry (38) and that Akt activity is essential for VSV replication (59) . Studies with two primary cell types that are resistant to VSV infection have reached opposite conclusions. It was reported that macrophages stimulate Akt phosphorylation following exposure to VSV (55) but that Drosophila cells infected with VSV appear to downregulate Akt phosphorylation (57) .
We were interested in determining the interaction of VSV with the Akt signaling pathway to determine where the virus might interact with the pathway. We found that in classically permissive cells, infection with VSV actively inhibits Akt activation in a manner dependent on virus replication but that the accumulation of PIP3 is unhindered. It is particularly relevant that VSV, currently being developed as an oncolytic virus, appears to have a unique mechanism of blocking Akt signaling. Akt is a transforming kinase (18) , which is frequently activated in cancer cells (53) .
MATERIALS AND METHODS
Tissue culture and virus infections. BHK, HeLa, and Vero cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 7% fetal bovine serum (FBS) (Invitrogen) and 2 mM glutamine (Invitrogen). HEK-TERST and HEK-TERV (a kind gift from William C. Hahn) cell lines (30) were cultured in MEM Alpha (Invitrogen) supplemented with 10% FBS and 2 mM glutamine. BSR-T7/5 cells were cultured in Glasgow MEM (GMEM) (Invitrogen) supplemented with 1 mg/ml G418 (Invitrogen), 10% FBS, 2 mM glutamine, and 1ϫ nonessential amino acids (Invitrogen). Cells were grown to 85 to 95% confluence and then infected with VSV (Indiana serotype, Orsay strain) in growth medium at a multiplicity of infection (MOI) of 10 PFU/cell.
Cytosol and membrane fractionation. Cytosolic and membrane fractionation were essentially performed as described previously (40) . Cells were harvested on ice, and all procedures were performed at 4°C. Cells were gently washed once with ice-cold phosphate-buffered saline (PBS) and then scraped into homogenization buffer containing 25 mM Tris-HCl (pH 7.4), 2 mM EDTA, 10 mM NaCl, and 0.25 M sucrose and supplemented with a phosphatase inhibitor cocktail (PhosSTOP) and a protease inhibitor cocktail (COmplete), as directed by the manufacturer (Roche Applied Science). The cells were allowed to swell on ice for 10 min and then homogenized with 25 strokes of a glass homogenizer. Cell lysates were collected and centrifuged at 2,000 ϫ g for 5 min at 4°C; supernatants were then centrifuged at 100,000 ϫ g for 30 min, and the resulting supernatant was used as the cytosolic fraction. The pellet was gently rinsed with PBS three times and extracted with homogenization buffer containing 1% Triton X-100 for 30 min. The Triton X-100-soluble component was centrifuged at 14,000 ϫ g for 20 min at 4°C, and the resulting supernatant was used as the membrane fraction. Protein concentrations were determined by the Bio-Rad (CA) protein assay using bovine serum albumin (BSA) as a standard.
Immunoblotting and detection. Infected or mock-infected cells were lysed in 35-mm 6-well dishes for 5 min at 4°C using 250 l of NP-40 lysis buffer (Boston BioProducts Inc.) supplemented with a phosphatase inhibitor cocktail (Phos-STOP) and a protease inhibitor cocktail (COmplete) as directed by the manufacturer (Roche Applied Science). Lysates were collected and spun at 10,000 ϫ g for 5 min at 4°C, and then 100 l of the supernatant was added to 20 l of 6ϫ sample buffer (Boston BioProducts Inc.) for SDS-PAGE. Equal volumes of lysate were electrophoresed on either 12% or 15% SDS-PAGE gels. After electrophoresis, gels were electroblotted onto a polyvinylidene difluoride (PVDF) membrane (0.2 m; Bio-Rad) and blocked with 5% (wt/vol) nonfat dry milk in TBS-T (Tris-buffered saline [pH 7.6], 0.1% Tween 20) . Primary antibodies were diluted in 5% (wt/vol) BSA (fraction V)-TBS-T as recommended by the manufacturer (Cell Signaling Technologies, Danvers, MA). Anti-mouse IgG and anti-rabbit IgG horseradish peroxidase (HRP)-linked antibodies (Cell Signaling Technologies, Danvers, MA) were diluted to 1:2,000 in 5% (wt/vol) nonfat dry milk in TBS-T.
Detection and quantification of cellular PIP3 levels. Total cellular PIP3 levels were determined by using a PIP3 mass strip kit (K-2400; Echelon Biosciences Inc.). The extraction and quantification of total cellular PI (3,4,5)P 3 levels from cells was carried out by following the supplier's protocol. Briefly, cells were scraped off and collected at 4°C in 4 ml of 0.5 M trichloroacetic acid (TCA), pelleted at 1,500 rpm, and washed with 5% TCA, 1 mM EDTA. After extraction of neutral lipids with MeOH-CHCl 3 (2:1), acidic lipids were extracted with CHCl 3 , MeOH, 12 N HCl (40:80:1) and vacuum dried (SpeedVac; Savant). Dried samples were redissolved in CHCl 3 -MeOH-H 2 O (1:2:0.8) and spotted onto nitrocellulose membranes containing prespotted PIP3 standards, and the membranes were processed by serial incubation in blocking solution (3% fatty acid-free BSA in PBS), PIP3 detector, secondary detector solution, and tertiary detector solution and then detected by chemiluminescent developing solution.
Transfections. Plasmid transfections into BSR-T7/5 cells were performed with Lipofectamine 2000 reagent as described in the manufacturer's protocol (Invitrogen). Briefly, monolayers of subconfluent BSR-T7/5 cells (a kind gift from Kurt Conzelmann) grown in 35-mm dishes were transfected with a transfection mixture containing 4 g of plasmid DNA (unless otherwise stated) and 10 l Lipofectamine 2000 (Invitrogen) in 500 l Opti-MEM (Invitrogen). After 5 h at 37°C, the transfection mixture was removed and replaced with 2 ml of growth medium (without selection) and incubation continued for a further 16 h at 37°C, after which cells lysates were harvested for analysis. All mock transfections included 4 g of the pTZ18 vector. Plasmid transfections into COS-7 cells were performed with FuGENE 6 transfection reagent as described in the manufacturer's protocol (Roche).
Plasmids. The VSV protein expression plasmids pBS-N, pBS-P, pBS-M, pBS-G, pBS-L, and pBS-M-NCP12.1 (31) were a kind gift from Mike A. Whitt. The plasmids pLNCX-myr-HA-Akt1 (which encodes Akt1 with an N-terminal src myristoylation sequence followed by the hemagglutinin [HA] epitope), pLNCX-myr-HA-Akt1 (K179M) (which carries a mutation in the kinase domain), and the empty vector pLNCX were a kind gift from William Sellers (51) .
Chemicals, reagents, and antibodies. All chemicals unless otherwise stated were purchased from Sigma-Aldrich. Insulin (catalog no. I0516) was purchased from Sigma-Aldrich, and epidermal growth factor (EGF) (8916SF) was from purchased from Cell Signaling Technologies (Danvers, MA). Antibodies specific to Akt, phosphorylated Akt (Thr308) [p-Akt (Thr308)], p-Akt (Ser473), mTOR, p-mTOR (Ser2481), GSK3␤, p-GSK3␤ (Ser9), PDK1, p-PDK1 (Ser241), p-PTEN (Ser380), and p-RSK2 (Ser227) were purchased from Cell Signaling Technologies (Danvers, MA) and used at the manufacturer's recommended dilution. The phospho-specific antibody p-PKC␥ (Thr514) (1:5,000; PKC␥ is protein kinase C ␥) was purchased from Epitomics. The antibody against ␤-actin (1:5,000) was purchased for Santa Cruz Inc. Anti-VSV M, anti-VSV G, and anti-VSV N were a kind gift from Doug Lyles (Wake Forest University) (39) .
RESULTS
VSV inactivates the Akt/mTORC1 signaling pathway. To determine how VSV interacts with the PI3k/Akt signaling pathway, we determined the level of Akt phosphorylation during a VSV infection. BHK cells were infected with VSV at an MOI of 10, and cell lysates were collected at various times between 1 and 7 h postinfection. The lysates were analyzed by immunoblotting to determine the cellular levels of the VSV matrix protein and the levels of Akt phosphorylation at positions 308 (Thr) and 473 (Ser).
As shown in Fig. 1 , we could detect Akt phosphorylation in mock-infected cells at both the Thr308 and the Ser473 position. Concurrent with the detection of the VSV matrix protein at 2 h postinfection, we observed a decrease in the level of Akt phosphorylation at both the Thr308 and the Ser473 position. By 7 h postinfection, Akt phosphorylation at both positions was barely detectable. The level of total Akt remained constant at all time points, indicating that the drop in the level of Akt phosphorylation at Thr308 and Ser473 was not due to changes in the levels of cellular Akt but rather to dephosphorylation. In addition, the phosphorylation levels of a direct substrate of Akt, GSK3␤ (Ser9), and a downstream effector of Akt, mTOR (Ser2481), also showed decreases in their levels of phosphorylation by 2 to 3 h postinfection. This is consistent with the dephosphorylation of Akt and subsequent inactivation of its kinase activity.
Inactivation of Akt occurs at a step postentry and requires virus replication. As we observed that Akt dephosphorylation/ inactivation occurred between approximately 2 and 3 h postinfection, we postulated that inactivation of the Akt pathway by VSV was replication dependent and not mediated by viral entry. To test this hypothesis, we utilized VSV that had been VOL. 85, 2011 VIRAL SUPPRESSION OF Akt SIGNALING THROUGH M PROTEINexposed to increasing amounts of UV-C irradiation. Inactivation of VSV by UV-C irradiation blocks viral RNA genome replication, viral mRNA synthesis, and, consequently, viral protein synthesis but is thought to have little effect on virus receptor binding and the subsequent entry of the virus into the cell (10, 63) . HeLa cells were infected with untreated virus or virus that had been treated with increasing amounts of UV-C irradiation at a preirradiation MOI of 10. Cell lysates were collected at 3 h postinfection and analyzed by Western blotting to determine the level of viral protein synthesis and the level of Akt phosphorylation at Ser473. As shown in Fig. 2 , preirradiation of VSV with UV-C light between 0 and 100 ϫ 100 J cm 2 had little or no effect on the level of viral protein synthesis and the virus-mediated dephosphorylation of Akt at Ser473 (the level of Akt phosphorylation at Ser473 was comparable to that of mockirradiated virus). Preirradiation of VSV with 150 ϫ 100 J cm 2 of UV light reduced the level of viral protein synthesis, but this level of viral gene expression was still able to induce the dephosphorylation of Akt. VSV irradiated with UV-C at 200 ϫ 100 J cm 2 or greater could not drive viral protein synthesis and did not induce the dephosphorylation of p-Akt (Ser473) (the level of Akt phosphorylation at Ser473 was comparable to that of mock-infected cells). This result demonstrated that viral replication is required for the dephosphorylation of Akt.
VSV-induced dephosphorylation of Akt is dominant over extracellular activation signals. We next wanted to determine if VSV replication rendered Akt insensitive to signaling from extracellular stimuli. To do this, we determined whether a VSV infection could block the receptor tyrosine kinase-driven activation of Akt by insulin stimulation. We examined the phosphorylation status of Akt at Ser473 in VSV-or mock-infected cells at 1, 3, and 5 h postinfection in the absence or presence of insulin stimulation. These experiments were done in serumstarved cells so that growth factors found in serum that can stimulate Akt phosphorylation (the cause of basal phosphorylation levels seen in Fig. 1 and 2) would not complicate interpretation.
In cells that were stimulated with insulin but not infected, Akt phosphorylation at Ser473 was robustly induced after insulin treatment at all three time points (Fig. 3A, lanes 4 , 5, and 6). In contrast, Akt phosphorylation after insulin stimulation in VSV-infected cells was noticeably reduced at the 1-h time point (Fig. 3A, lane 7) compared to that of mock-infected cells and markedly inhibited at both the 3-and 5-h time points (Fig.  3A , lanes 8 and 9) compared to that of mock-infected cells stimulated with insulin. Quantification of the data shows that a VSV infection can reduce insulin-induced Akt phosphorylation by 40% at 1 h postinfection and by 80 to 83% at 3 and 5 h postinfection (data not shown). This result demonstrates that VSV can block the phosphorylation of Akt by insulin stimulation during infection.
To determine whether VSV can block the activation of Akt by a different class of tyrosine kinase receptors, we stimulated infected cells with insulin or epidermal growth factor (EGF) and again determined Akt Ser473 phosphorylation levels. Both the insulin and EGF tyrosine kinase receptors recruit PI3k to the membrane, but they do so through different mechanisms. The insulin receptor signals through the adaptor protein IRS1 to activate PI3k (34, 44) , and the EGF tyrosine kinase receptor (EGFR) signals through direct recruitment of PI3k (47) . Thus, we were interested in whether VSV infection blocked one or both signaling strategies. As described for Fig. 3A , we examined the phosphorylation status of Akt (Ser473) in VSV-or mock-infected cells at 3 and 5 h postinfection, in the absence or presence of insulin and EGF. In mock-infected cells, Akt phosphorylation at Ser473 was robustly induced after both insulin and EGF treatment (Fig. 3B, lanes 2, 3, 5, and 6 ). In contrast, 
FIG. 2. Effect of virus inactivation on Akt dephosphorylation.
VSV was inactivated by UV irradiation to determine if viral attachment and entry were sufficient to cause Akt dephosphorylation. HeLa cells were infected with VSV or VSV preirradiated with UV-C light at an MOI of 10. At 3 h postinfection, total cell lysates were collected and subjected to Western blotting to determine the levels of p-Akt (Ser473) and total Akt. The total intracellular levels of the VSV matrix (M) and glycoprotein (G) proteins were also determined to identify the level of UV irradiation necessary to completely inactivate VSV.
the stimulation of Akt phosphorylation by either insulin or EGF was markedly inhibited at both the 3-and 5-h postinfection time points in VSV-infected cells (Fig. 3B, lanes 8, 9, 11,  and 12) . Quantification of the data shows that a VSV infection can block both insulin-and EGF-induced Akt phosphorylation by greater than 80% at both the 3-and 5-h postinfection time points (Fig. 3C) .
VSV is dominant over a membrane-targeted, constitutively active form of Akt. We next tested whether expression of a membrane-targeted, constitutively active form of Akt would be dephosphorylated by VSV replication. For this purpose, we utilized a recombinant clone of Akt that carried a myristoylation signal (myr-AKT). It has previously been established that myr-Akt is activated independently of all upstream signaling events (51) . Transfection of cells with either the constitutively active form of Akt (pLNCX-myr-HA-Akt) or a kinase-defective form [pLNCX-myr-HA-Akt (K179M)] resulted in expression of the myr-Akt forms, as confirmed by Western blot analysis (Fig. 4) . The slower-migrating band represents the myr-HA-tagged forms of Akt (Fig. 4, lanes 3 to 6, black arrows) , and a faster-migrating band represents the endogenous form of Akt seen in all lanes (Fig. 4, white arrows) . In mock-infected cells, endogenous Akt and the myr-tagged-Akt forms were found to be strongly phosphorylated at Ser473 (Fig. 4, lanes 1,  3, and 5 ). In contrast, the levels of Akt phosphorylation at Ser473 in both the endogenous form and the myr-Akt forms were found to be reduced in VSV-infected cells (Fig. 4,  lanes 2, 4, and 6 ), demonstrating that VSV can alter the phosphorylation of both normally and constitutively active forms of Akt. , cells were either mock exposed or exposed to insulin (100 nM) for 10 min. Total cell lysates were collected and subjected to SDS-PAGE and then immunoblotted with antibodies directed against p-Akt (Ser473), total Akt, and the VSV matrix protein (M). Total Akt also served as a loading control. (B) The procedure was as described for panel A, except that cells were either treated with EGF (100 nM) or insulin (100 nM) for 10 to 15 min or left untreated. Total cell lysates were collected and immunoblotted with antibodies directed against p-Akt (Ser473), total Akt, the VSV matrix protein (M), and ␤-actin. Representative results from two independent experiments are shown. (C) The levels of p-Akt (Ser473) in insulin-and EGF-stimulated cells (Fig. 3B) were quantified by densitometry. The levels of p-Akt (Ser473) were normalized with respect to the level of total Akt found in each lane. Representative results from two independent experiments are shown.
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VSV is able to bypass the inhibition of Akt dephosphorylation by SV40 ST.
As the phosphate at position 308 of Akt is removed by the serine-threonine protein phosphatase 2A (PP2A) (5, 37), we wanted to test whether VSV induces the dephosphorylation of Akt through PP2A activation. To test this hypothesis, we determined whether VSV was (still) able to induce the dephosphorylation of Akt in cells constitutively expressing the SV40 small t antigen (ST). Previous studies have shown that the SV40 ST can bind to PP2A (54) and inhibit PP2A phosphatase activity (20, 65) . The inhibitory effect of ST on PP2A activity leads to an increased and sustained activation of Akt (19) .
Subconfluent monolayers of HEK-TERST cells (expressing the ST) and HEK-TERV cells (the parental cell line) (30) were infected with VSV at an MOI of 10 and assayed for viral protein expression and levels of Akt phosphorylation at various time points. As shown in Fig. 5 , the detection of VSV M protein demonstrates that VSV was able to infect and replicate in both cell lines and induce the dephosphorylation of Akt at both position 308 and position 473 in each cell line in a time frame similar to that shown in Fig. 1 . These data suggest that VSV is able to induce the dephosphorylation of Akt in a manner that can bypass the inhibitory effects of ST on PP2A.
Lipid but not protein regulators of Akt is altered by virus infection. VSV was able to block a positive signal (Fig. 3 ) that normally drives Akt activation and the phosphorylation of a myr-Akt clone, which suggested that the virus may block upstream signaling proteins in this pathway. To determine which upstream effectors might be inhibited by virus infection, we analyzed cell lysates with phospho-specific antibodies to detect changes in the phosphorylation of PDK1, the activating kinase of Akt, and in phosphatase and tensin homologue deleted on chromosome 10 (PTEN), the PIP3 phosphatase. As shown in Fig. 6A , there was no significant decrease in the level of p-PDK1 (Ser241) or p-PTEN (Ser380) during the VSV time course of infection from 1 to 7 h, suggesting that neither the activation nor the stability of these proteins was altered by VSV.
We next tested the hypothesis that PDK1's catalytic activity was inhibited and that all substrates of this kinase were no longer being phosphorylated. Both PKC␥ and RSK2 are serine/threonine kinases that are phosphorylated by PDK1 within their activation segment at Thr514 and Ser227, respectively (32, 49) . Analysis of the level of phosphorylation on the PDK1 substrates PKC␥ and RSK2 during VSV infection between 1 and 6 h postinfection (Fig. 6B ) demonstrated that VSV replication did not significantly affect the level of either PKC␥ (Thr514) or RSK2 (Ser227) phosphorylation. These data demonstrate that VSV replication does not block the phosphorylation of PKC␥ or RSK2 by PDK1 and that the kinase activity of PDK1 is still functional.
These results led us to investigate whether levels of lipid cofactors important for Akt activation were changed during virus infection. The presence of PIP3 at the membrane is essential for the activation of Akt through colocalization of Akt and PDK1. Cells were mock infected or infected with VSV at an MOI of 10, and then at increasing times postinfection, PIP3 levels were determined from the lipid extracts of infected cells (Echelon PIP3 mass strip assay kit). Surprisingly, compared to the levels of PIP3 in mock-infected cells, the levels of PIP3 in VSV-infected cells increased significantly above the basal level (mock infected) with time (Fig. 6C) . PIP3 levels rose from ϳ1 pmol in mock-infected cells to ϳ2 pmol by 2 h postinfection and ϳ4 pmol by 4 to 6 h postinfection. The data suggest that the PI(4,5)P2 kinase, PI3k, is still active (functional) during a VSV infection and that VSV upregulates PI3k enzyme activity in the cell (Fig. 6C) .
VSV replication causes Akt to accumulate at the membrane. An increase in the level of PIP3 at the plasma membrane is normally associated with the recruitment and colocalization of Akt and PDK1 to the membrane. This promotes protein-protein interaction between the two kinases and leads to the activation of Akt. We asked whether VSV replication blocks the membrane translocation of Akt and/or PDK1 through analysis of the cytosolic and membrane fractions. In mock-infected cells, total Akt was present primarily in the cytosolic fraction (Fig. 7A , compare Akt lane 1 to lane 5). Upon stimulation with insulin, a portion moved out of the cytosol fraction (compare Akt lane 1 to lane 2), resulting in a marked increase in the levels of Akt phosphorylation in the cytosol and membrane fraction (Fig. 7A, p-Akt lanes 2 and 6) . This relocalization of Akt is consistent with that demonstrated in previous reports on the activation of Akt by insulin and growth factors (4, 17, 29) . In VSV-infected cells, we observed the same redistribution of Akt from the cytosol upon insulin stimulation (Fig. 7A, Akt lanes 4 and 3) , but Akt did not become phosphorylated to the same extent in the cytosolic or membrane fraction (Fig. 7A, p-Akt lanes 3 and 7) . We found that there was approximately 2.7-to 3-fold more total Akt in the membrane fractions from VSV-infected cells than the amount seen in the mock-infected membrane fractions (Fig.  7A , compare Akt lanes 5 and 6 to 7 and 8). This was initially unexpected but, when taken together with the increase in PIP3 levels found during a VSV infection (Fig. 6C ), demonstrates that Akt is able to translocate to the plasma membrane during a VSV infection, where it accumulates, but that it is not capable of being phosphorylated by PDK1 once it reaches this site.
Unlike the altered behavior of Akt in virus-infected cells, the distributions of PDK1 in the membrane and cytosolic fractions were found to be similar for both mock-infected and VSVinfected cells, with or without insulin stimulation (Fig. 7B) . The levels of PDK1 detected in the cytosolic fractions did not significantly change after insulin stimulation (Fig. 7B , compare lane 1 to lane 2 and lane 4 to lane 3), while in the membrane fractions there was found to be a slight increase (Fig. 7B , compare lane 5 to lane 6 and lane 8 to lane 7). The increase in membrane-associated PDK1 is consistent with a portion of cytosolic PDK1 translocating to the membrane after insulin stimulation (3, 56) .
Matrix protein induces Akt dephosphorylation in the absence of other viral components. To investigate if expression of a single viral protein was sufficient to induce Akt dephosphorylation, each VSV protein was transiently expressed in cells, 2 and 3] ). No significant decrease in Akt phosphorylation was detected when cells were transfected with 1 to 9 g of the N protein plasmid (lanes 7 to 10), which served as a control for high levels of cellular expression of another viral protein (Fig. 8D) .
To test whether M protein's known roles in blocking host cell transcription and nuclear/cytoplasmic transport (13, 14, 50) are associated with the dephosphorylation of Akt, we de- phorylation to the same extent as wild-type M. When these results were quantified, the level of Akt phosphorylation in M-(M33,51A)-transfected cells was found to be 70% of that of mock-transfected cells versus 40% of that in wild-type-Mtransfected cells (Fig. 9B) .
DISCUSSION
Here we demonstrate that VSV causes the dephosphorylation and subsequent inactivation of Akt and its signaling pathway at an early stage of infection and that dephosphorylation is found to be dependent on virus replication. This finding is in agreement with previous observations that VSV replication induces the dephosphorylation of 4EB-P1 (21) and downstream effectors of Akt (42) and that VSV replication is not dependent on an active PI3k/Akt signaling pathway (24) . This runs counter to what has been seen for other viruses and even other negative-strand RNA viruses, such as influenza A virus and RSV, which are known to activate Akt (26, 41, 60) . VSV's inactivation of Akt is reminiscent of the Akt inhibition seen during measles infection (6) . Measles virus is thought to inactivate Akt in a replication-independent manner through the induction of a cellular lipid phosphatase that alters the concentration of PIP3 at the membrane (7), while we find that VSV blocks in a replication-dependent manner that is independent of PIP3 and involves the viral matrix protein.
VSV was able to interrupt normal receptor tyrosine kinasedriven Akt activation. Insulin and EGF stimulation was markedly blunted in infected cells, and this dominance of signaling was present throughout the course of the infection. This appears to be due to the effect of virus infection on Akt specifically and not due to the inactivation of tyrosine kinase signaling, as signaling to PI3k to synthesize PIP3 and activate the mitogen-activated protein (MAP) kinase extracellular signalregulated kinases 1/2 (ERK1/2) (data not shown) was still intact. Thus, virus infection effectively decouples Akt activation from growth factor-mediated stimulation.
This decoupling/inactivation of Akt highlights a novel mechanism of interacting with this signaling pathway. Infection of cells with virus did decrease phosphorylation of Akt but did not alter total cellular levels or the activity of PDK1 (Fig. 6A ), PDK1's subcellular localization (Fig. 7) , or the levels of phosphorylation of other PDK1 substrates (Fig. 6B) . Analysis of subcellular fractions determined that VSV did not keep Akt from translocating to the membrane. Akt levels at the membrane were in fact found to be approximately 3-fold higher than found in mock-infected cells. This observation is consistent with the significant increase in PIP3 levels detected during VSV replication. Thus, VSV must block the activation of Akt after membrane localization by either disrupting the interaction of PDK1 and Akt at the membrane during infection or blocking access to the phosphorylation site(s) on Akt.
Our data are consistent with the model in which VSV replication blocks the phosphorylation of Akt, and this block is dominant over the external stimuli of growth factors to phosphorylate and activate Akt. The rapid decrease in the level of phosphorylated Akt detected during VSV replication is likely due to constitutive cellular phosphatase activity leading to "run-down."
This block/disruption of Akt phosphorylation appears to be mediated at least in part by the viral matrix protein (M). M, a peripheral membrane protein, was sufficient to induce the dephosphorylation of Akt (Fig. 9A) in transfection experiments. This control of Akt is due at least in part to the protein's ability to block transcription and nuclear/cytoplasmic transport, as a mutant of M that is defective in blocking nuclear/cytoplasmic transport and host transcription was defective in forcing Akt inactivation ( Fig. 9A and B) . The generation and characterization of new M protein mutants may help further identify which amino acids are important for M-induced Akt dephosphorylation and whether a specific cellular localization of M is necessary for this phenotype. A moderate reduction in Akt phosphorylation (ϳ20% with significant variation) was also found in cells transiently expressing either the VSV P, G, or L protein (Fig. 8B) . This effect was not as dramatic as with the M protein, but it is possible that during a virus infection there could be an additive effect of the combination of these single factors that leads to the greatly reduced levels of Akt phosphorylation that we observe. During the course of our studies, we also noticed that increasing the incubation time of VSV G transient expression (Ͼ20 h) resulted in a significant drop in the level of Akt phosphorylation (data not shown). We did not pursue this finding further, as this time point also correlated with complete syncytia of the cell monolayer, a phenotype not observed during a VSV infection and therefore one that we presumed to be an artifact of transfecting cells in tissue culture.
What gain does the virus derive from Akt inactivation? Earlier publications have suggested that active Akt signaling can decrease VSV replication (42) . In addition, Akt signaling has recently been shown to be essential for generating the interferon (IFN)-dependent antiviral response and to complement the function of IFN-activated JAK-STAT pathways in cells (33) . Thus, the inactivation of Akt by VSV may serve to blunt the IFN response in productively infected cells.
One aspect of interest from these findings pertains to VSV's potential as an oncolytic agent. VSV has previously been shown to be an effective oncolytic agent in a variety of tumor models (8, 9, 22, 58) , both on its own and in combination with other therapies (2, 46, 62) . While there have been several studies analyzing why cancer cells are susceptible to infection (11), the primary signaling pathway by which the virus induces apoptosis in these cells has not been elucidated, though both the Bcl-2 pathway and ASK1/DAXX pathways have been implicated (27, 48) . Inactivation of Akt/PKB can stimulate both of these pathways (12, 35) , suggesting that this action is a key regulator of VSV-mediated cell killing and may explain how cells can be directed into different apoptotic pathways (28, 36) .
Our findings could help guide the future development of new oncolytic VSV strains. The natural ability of VSV to block oncogenic signaling through Akt can be useful in identifying potential synergistic effects of combination therapies. As an example, Alain et al. (2) recently reported that pretreatment of a malignant glioma with the mTORC1 inhibitor rapamycin potentiated the oncolytic effect of VSV in vivo and ex vivo. Based on our findings, the combination of VSV and the mTOR inhibitor is predicted to have delivered a "double hit" to the Akt signaling axis (2) making it a highly potent antiproliferative combination. VOL. 85, 2011 VIRAL SUPPRESSION OF Akt SIGNALING THROUGH M PROTEIN 429
